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ABSTRACT 


The object of this thesis is to investigate the reported 
existence of abnormal elastic effects in metal interfaces. 
In conjunction with this work, the initial frictional behavior 
at the metal interfaces was observed. 


The method of investigation selected employed hollow 
Cylindrical specimens composed of two mating parts placed 
end on end. The experimental appsrntus utilized a combi- 
nation of optical and mechanicsel means of measuring small 
angles of twist in the specimen. Various metals were tested 
under different conditions of ncrmul load and surface finish. 


Excellent ecnformity between observed values of twist 
and those predicted by elastic theory wes achieved. The ex- 
perimental results did not show any indication of excessive 
elastic angles of twist. 


Investigation of the initial frietional behavior of the 
metal interfaces indicated that the value of the friction co- 
efficient increased with incremental changes in the observed 
slip until the range of normally expected values was attained. 
In this range the curve flattened out and free sliding resulted. 


In view of the results of this investigation, it is be- 
lieved that the reported abnormal clastic conditions were the 
result cf inaccuracies in the experimental method, and that 
further investigation along this line is not warranted. 


Thesis Supervisor: Brandon 6. Rightmire 
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I. INTRODUCTION 


(1) 


In & thesis, Goyle end Stromberg reported the existence 
of abnormal elastic effects in metal interfaces. As a result 
of their work, they concluded that the asperities in steel 
interfaces contribute materially to the elastic twist. The 
elastic twist due to an interface appeared to decrease with 
inerease in normal stress for a given value of maximum tangen- 
tial stress. They also found that the effect of surface finish 
was effeeted by normal stress, in that a transition range 
existed for normal stress. This transition range separated 
the regions where elastic twist increased or decreased with 
the degree of surface finish. This appears to be a virgin in- 
vestigation of elastic effects in metal interfaces, as a sur- 
vey of the literature failed to diselose any previous work 
slong this line. 

Tomlinson, Thorpe, and Gough, ^? in & paper on fretting 
corrosion, reported that surfaces in contset under normal and 
tengential stresses have a comparatively high degree of tsn- 
gential elasticity. "The surfaces appeared to yield unger 
tangential stress in an elastic manner by an amount which may 
be many times greater then the smallest slip it is hoped to 
detect." This made their problem of measuring slip extremely 
difficult. In the second phase of this investigation, this 
problem wes encountered where the displacements measured were 


of the same order of magnitude as the depth of the asperities 
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in the metal interfaces. The first objective of this investi- 
gation was the development of a test apparatus and an experi- 
mental procedure of sufficient sensitivity and accuracy so 
thet the existing discrepsneies between caleunlated theoretical 
and observed velues of elastic twist would be eliminated or 
rationalized. Various methods of measuring elastic twist in 

a specimen were considered, as discussed in Appendix A. 

The second phase of this work was a by-produet of the 
original investigation. After extensive examination of the 
elastic effects et metal interfaces under various conditions 
of losd and surface finish, it was decided that a atudy of the 
frictional behavior would be both interesting snd valuable. 
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The test apparatus used in this work is illustrated in 
Figures I, II, and III. 

The tubular specimens tested were machined from the 
following materials: (1) AISI C-1018, ecold-finished, open- 
hearth, low-carbon steel; (2) AISI A-4140, heat-treated, 
stress-relieved, medium-carbon alloy steel; (3) hará-drawn, 
electrolytic, tough pitch copper rod; (4) 2S Aluminum. 

The specimens were reamed out to an inside diameter of 
0.191"; then turned down to 0.236" outside diameter. The test 
apecimens were cut into two halves, each one inch long. 

A single two-inch specimen was made for each material, and 
used as a control specimen. The observed deflections of the 
control specimen A were compared with the computed deflec- 
tions (9ο) as predicted by elastic theory, thus providing a 
check cf the secvracy of the test runs. The effect of the 
interface could be determined by a comparison of control- 
specimen runs with test-specimen results. 

The upper and lower halves of the test specimen are 
mounted as shown in Figure III. The contact surfaces were 
lapped to the desired finish with emery polishing paper of 
varying degrees of roughness. The specimen was clamped in a 
vee-type block during the polishing process, to insure that the 
test surfaces vere ground perpendicular to the specimen axis. 


The specimens were curefully cleaned both before and after the 
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polishing process. (Reagent acetone was used as eleaning 
solvent.) 

Two double-ended indicator arms were used, one on either 
side of the interface. Hach arm was constructed with two 12" 
lengths of Type 321 stainless-steel tubing heving 1/8" outside 
diameter and 9.005" wall thickness. The indicator arms were 
fastened to the specimen by a collar, as shown in Figure III. 
The cone-pointed set serews were used to obtain a knife~edge 
line from which the twist was tranamitted. The pin-point 
indentetions produced on the specimen by the set serews per- 
mitted length "L" to be accurately picked off the specimen 
with draftnen's dividers. 

The alignment jig shown in Figure III was used to insure 
that the face of the indicator-arm eollar, hence the plane of 
the set screws, was perpendicular to the axis of the specimen. 

The lower half of the specimen rests on 5 machined and 
polished steel plate. For initial tests on the steel specimens 
a machined steel block was used, ns shown in Figure I (1). The 
remainder of the specimens were mounted on the machined steel 
block shown in Figure III. This block has a securing collar 
which permita clamping of the bottom end of the specimen. 
After a final cleaning of the two contact surfaces, the upper 
half of the specimen wes placed on the lower pertion, and the 
weight rod then run up through the annulus of the specimen. 
The weight release (screw jack) permits the weight pen support 


rod to be run up and down as desired. 
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The threaded upper end of the rod was then serewed into 
® cireular disc, seperated from the top of the specimen by a 
ball thrust bearing as illustrated in Figure IiI. This bear- 
ing was used to isolate the specimen from any torsional vibra- 
tion or movement of the normal load weight pan. 

The sight edges sre pictured in Figure I (2) and 
Figure III. The two sight edges were polished with 4/0 paper 
so that a clean, sharp sighting surface was obtained. Align- 
ment of the two sight edges could be obtained by loosening 
either one or both of the clamp serews, snd moving the edges 
into position ae desired. The upper ara sight edge strip was 
out wider than that on the lower arm. The distance from tkis 
edge to the center of the indicator-arm collar was measured 
accurately (12.33"), giving length "R". With the microscope 
focused sharply on this edge, the other sight edge strip vas 
brought into focus by bending it slightly. 

The torque erm was aligned so thet the silk threads 
transmitting the forces from the torque weight pens ere per- 
pendicular to the lever in both horizontal and vertical planes. 
The pulleys were adjusted in both vertical and horisontal 
planes by moving pulley elamps on the support rods, ss shown 
in Figure II, When alignment of the torque system was obtained, 
the torque arm and pulley support clexmps vere locked in place 
with their set screws. 

The desired normal lord was placed on the weight pen and 
then applied to the specimen by eranking down the weight release. 


The sero reading of the indicator arms was then recorded. 
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By adding equal weights to the two weight pane, a known torqus 
was applied to the epecimen and the resulting twist was mea- 
sured on the optiosl micrometer. After each reading the 
torque was removed and the zero reading recorded. 

After measuring the distance "L" between pin-point inden- 
tations in the specimen, these pits were marked so that they 


could be distinguished from marks msde in the succeeding test. 
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IV. DISGUSBIQN OF RESULTS 





Figures IV and XII compare observed deflections of the 
control specínens with computed defleetions as predicted by 
elastic theory. All points plotted for the two steel control 
specimens are within the elastic range, as the test runs were 
terminated at the first indication of possible permanent def- 
ormation. 

The values of shear modulus selected for the C-1018 and 
A-4140 steels were, respectively, 12 x 109 and 11.9 x 10° psi. 
Marks (©) gives the range of shear modulus values for all 


steels, excepting 18-8 stainless, as 11.0 to 11.9 x 10° 


pei. 
The computed angle of twist varies inversely with the value of 
Shear modulus. Therefore it can be seen thet, with the values 
of shear modulus selected, the computed defleetions will be the 
minimum expected. As the observed values of twist agree with 
the minimum computed values, the possibility of excessive elas- 
tie twist in the control specimen is eliminated. 

The sheer modulus values for copper (hard-drawn tough 
piteh) and 28 Aluminum were given in the Handbook as 6.0 and 
3.7 x 10° psi, respectively. 

Figures V to VIII show the results of tests conducted with 


C-1018 steel specimens having various surface finishes and 


normal loads. Due to the elose agreement between observed and 
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computed values of deflection for the control specimens, the 
observed angles of twist ore compared with their corres pond- 
ing theoretical value in this work. 

The consistent agreement between test results for speci- 
mens with and without interfaces indicates that the interface 
has very little, if any, effect on the elastic twist. 

All test runs with non-ferrous specimens were performed 
with the lower end of the specimen locked against movement. 
These test runs extended past the point at which the indicator 
failed to return to the initial position. The "B" plot of 
Figure XIII gives the observed values of residual twist re- 
corded for the non-ferrous control specimen runs shown on 
Figure XII, Hard-drawn electrolytic tough pitch copper has 
a yield strength of 40,000 psi with 0.5% extension under load. 
Three successive runs on the copper control specimen show 
this effect cleerly. The recorded values of deformation de- 
creased with each run. Plot "A" of this figure shews the 
residusl twist recorded for similar runs conducted on speci- 
mens with a No.l surface finish. The effects contributed by 
the metal interface ean easily be obtained by subtraction of 
the plotted values for any two corresponding tests. The point 
at whieh slip occurs on the copper specimen is easily noted, as 
the residual twist value inereased sharply st that point. 

Figures X and XI compare observed and caleulated values 
of deflection for various test runs on copper and A-4140 steel 
specimens. These tests further substantiate the results re- 


corded previously for C-1010 steel. Test runs using copper, 
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G-1018 steel, er A-4140 steel under various conditions of 
normal loading and with different degrees of surface finish 
failed to indionte any material contribution by the interface 


to elastic twist. 


B. Initial Frieticnel Behavior 
of Metal Interfaces 


Figure XIV compares the results of a similar test run con- 
ducted on four different metals. Comparing the results of the 
two steel specimens, it is seen that deformation occurred 
first in the 0-1018 steel. This is attributed to yield in 
the ssperities in the metal interface. C-101£ steel, with a 
yield strength of 48,000 psi as compared with 131,000 pai for 
the A-4140, would be expected to yield first. It should be 
noted that the deformation observed bere is of the order of 
0.000005 en. The 6-1018 curve crosses the A-4140 line at an 
apparent slip value of 0.00006 em. This shows that sliding 
effects aro now predominant, as the A-4140 steel with Lita 
smaller coefficient of frietion elides more easily than the 
€-1018 steel. 

Deformation in the two non-ferrous specimens commenced at 
fairly low values of tangential stress. It is interesting to 
note that the aluminum elid freely, and the copper curve rose 
sharply, ut the same value of 94 at which the two steel curves 
crossed. Again it appeers that, up te this point, deformation 
wan primarily due to yield in the mteritl, while subsequent 
failure of the interfacial bonds permitted frietion effects to 


predominate. 
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Figures XV to XIX indicate that the value of the frio- 
tion coefficient inoressos witk small increments of slip until 
the normally expected value is attained, at which point the 
curve flattens out and free sliding results. 

The eurves plotted in Figures XVI, XVII, and XIX are all 
fairly smooth, giving no indicetion ef a transition frou inter- 
facial deformation to true slip. The plots on Figures XV end 
XVIII, in contrast, show prominent breaks and discontinuities 
in the region below 0.00005 om of apparent slip. “The apparent 
Blip in these eases may be due to slip, deformation of the 
metal, or combinations of both effeets. An accurate evaluation 
of slip with this apparatus is therefore impessible due to the 
problem of separating the true slip from the deformations pro- 
duced by yield effects ín the asperities in the metal inter- 
faces. 

In evaluating these results, some information on the ae- 
curacy of the readings is in order. A diseussion of the aceu- 
raey of the apparatus follows in Appendix A, Details of Proce- 
dure. 
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1.80 x 107” centimetora 


0.00229 minutes of are 
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V. CONCLUSIONS AND RECOMMENDATIONS 





The metal interface does not contribute materially 
to elastic twist. 

Elastic deflections of a metal specimen with an 
interface agree with values computed by elastic 
theory for a continuous specimen, 

The deflections predicted by elastic theory are 
obtained regardless of metal, surface finish, or 
normal stress selected. (Normal loads applied 
were selected so that resulting normal stresses 
were safely below critical range which would 
cause buckling or compressive failure of the 
column.) 

The predicted elsstic deflections sre obtained in 
non-ferrous metals even though extension of the 


metal under load resulted in small concurrent 


permanent deformations. 





The value of the coefficient of friction was 
initially low for extremely small values of slip 
at the interface. 

The value of the coefficient increased with small 
increments of slip up to the normally expected 


value at which point free sliding resulted. 
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3. An exact assessment of the inerements of slip 
at the interface was impossible vith this exper- 
imental technique, due to small amounts of def- 
ormation contributed by yield in the asperities 
in the metal interface. Notwithetanding this 
factor, the trend indicated that the coefficient 
of frietion starts from zero for zero values of 
slip and applied stress, and increases with small 
increments of slip until the normal value 1s 
reached. 
C. Recommendations 
Due to the consistency of the results, both quantita- 
tively and qualitatively, further investigation of metal 
interfacos for abnormsl elastie twist is not recommended. 
This apparatus was not designed for investigation of 
frietional behavior in the slow speed range; therefore modi- 
fications of the equipment are deemed necessary prior to any 
further investigstions of the stick slip phenomena with this 


basic experimental arrangement. 
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DETAILS OF PROGEDURE 


In the redesign of the test apparatus, various schemes 
for measuring angular twist of the specimen were considered. 
Selection of an optical lever in lieu of the metal indicator 
arms of the original apparatus wes rejected due to the length 
of light beam required. This would require excessive floor 
space for the epparatus or would involve the use of a complex 
prism system. Distribution of the equipment over a large floor 
space would present a problem in isolating the apparatus from 
vibrations imparted by the building structure. Another source 
of error would be encountered in the resolution of the light 
image on the measuring scale. 

The possibility of utilising inferometry was investigated. 
Measurement of exceedingly small angles of twist could be ob- 
tained by this means, but the cost and complexity of the ap- 
paratus required for this work were greater thin warranted. 

It was decided that a sufficient increase in the sensi- 
tivity of the system could be obtained by use of better mate- 
rials, measuring equipment, and refinements in the experimental 
method. 

The original apparatus utilized an epparatus having an 
indicator arm length of 7.5" and an optical vernier in which 
one scale unit represented 0.001 inch of indicator movement. 

Estimating the movement of one indicator arm to * 0.1 
ecale unit, the resulting accuracy with two arms would be 


t 0.2 seale unit. 
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Y . g eT" 60 = observed twist in minutes of arc. 


Therefore accuracy cf the original apparatus ves 


ws - d. quas x 3440 * * 0.092 minutes of are. 


By the use of « microseope equipped with a 10 x objective and 
an optical micrometer, the accuracy was Inereased considerably. 
The use of the light-weight but rigid tubular indicator arms 
permitted incrensing the value of R to 12.228". 

Calibration of the optical wicrometer against a micron- 
eter stage showed that one micrometer drum unit represented 
0.00004101 inch of indleator movement. Fstineting the micran- 
eter readings to 2 0.1 drum unit would result ín &n accuracy 
in observed deflections of £ 0.2 denn units. Therefore, accu- 


racy of the present &pparatus is 


$o 9 د‎ 1 wm x 3440 = £ 0.002290 minutes of arc 

The value of apparent slip (95) measured with this appar- 
atus is computed as follows: For the C-1018 steel specimen 
with the outside dízmeter of 0.2365" and inside diameter of 


0.191", the mean radius (Ta) of the opecimen is 0.1069". 


Therefore 
6 
" A | x 
Σα 12.23 
(e, * 2 7.10 x 1078 inches 
9 = 21.80 x 107 centineters 
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al 
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SPECIMEN NG.3 (continued) 


iun Eo.ä 
Fy = 168.16 lb. 
Fy = 76.4 kg 
Sy = 11020 psi 
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SPECIMEN NO.16 


Material: 25 Aluminum 


Surface Finish: No. 1 Paper 


Run No.1 
Fy = 764 kg 
8, 7 772 kg/cm 
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360 37.35 0.836 65.95 " 0.0440 40220 
390 40.50 0.956 75.40 9 0.0476 4.530 
420 43.65 0.985 77.60 9 0.0514 4.810 
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12 
30 
60 
90 
120 
150 
180 
210 
240 
270 
300 
330 


1.24 
3.11 
6.23 
9.33 
12.43 
15.55 
18.65 
21.80 
24.90 
28.00 
31.15 
34.25 


SPECIMEN NO.16 (continued) 


Material: 25 Aluminum 


Surface Finish: No. 1 Paper 


Run No.2 

Σι = 91.3 kg 

s, 7 928 kg/cm 
Ya On . Yo 
--- --- 0.0012 -- - 
--- --- 0.0031 0.378 
-~ rm = = = = 0.0061 0.596 
0.114 9.00 x 107° 0.0092 1.030 
0.138 10.87 9 0.0123 1.283 
0.183 14.42 " 0.0153 1.640 
0.138 10.87 o 0.0184 1.970 
0.206 16.24 8 0.0214 2.220 
0.252 19.86 τ 0.0245 2.625 
0.283 22.30 ° 0.0276 2.980 
0.367 28.90 * 0.0307 3.240 
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SAMPLE CALCULATIONS 


Caleulated angle cf twist of specimen without 


interface = vo 


T,L 
» = =k radians (1) 
3 
v(p^- p^) 
dem me (2) 
وبع ون ع مه ± ين‎ (3) 


T, * 2.205 x 107? 


Q, (4) 
Substituting (2), (3), and (4) in (1) gives 
77.3 x <, x L 


Ó e Min.are. (5) 
P (οὔ. p+) x E, 


Maximum tangential stress = δη» 


16 T,D M 
ὃ 6 
T {mb 4 

"(Py D+) 

Substituting (4) in (6) gives 
.2  ? 
9, = 1.121 x 107^ ——9— x Q psi (7) 
T A ν΄ 
Q 


Observed angle of twist cf specimen = Bar 


with 10 x objeetive oalibration with micrometer stage 
shows one drum unit of optical micrometer represents 


0.00004101" on indieator. 
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LP drum units = 0.00004101 x Pa inches on indicator. 


Y 
e ai degrees wins. 
Ze k memes mim ^ e degree ' 
$. (0.00004101) 
Minus a 
الى‎ = 12.33 x 3440 
Y, $ 0.01144 Y, (8) 


Coefficient of friction = f. 


3 y 
(vi 


T e f x F $ (9) 
1) 


N ,.2 
(5, - D 
tT = torque of friction about axis of shaft. 
Substituting (4) in (9) gives 


2 .2 
Q (D^. p?) 

f = A x 6.615 x 1077 — 
N (ᾱ-- ii) 
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In the diseussion of results, it was suggested that 
yield effects in the metal of the interfaces contributed to 
the smell initial deformations. An examination of one of the 
test runs for this effect is therefore in order. 

Referring to Figure XIV, let us examins the stress sit- 
uation in the C-1018 steel srecimen for one of the initial 
deformations. 

The maximum combined shearing stress in e eylinder losded 


in this manner is given as follows: 8 μες = \ Kan)? (5,)* 


For &, and 3 


N 1 


(8, ) naX ig equal to 6750 psi. 


Maximum shear theory states that yielding will occur when 


values, respectively, of 13200 and 1420 psi, the 


ës Jess equals thea maximum shearing stress at yield point ob- 
tained from s tension test. The maximum shearing stress at 
yield point is one haif yield etress for a tensile specimen. 

Ryerson Steel Specifieations for C-1018 steel give a 
yield value of 48000 pai. 

Therefore maximum chear stress et yield point equals 
24000 psi. The caleulated stress for the specimen is well 
below this value; therefore yield wild not occur in the bulk 
metal. 

The normal stress value used in computing the combined 


sheer stress wee determined by using the cross-seetion ares of 


the specimen, which at the interface is the apparent area of 
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‘OB 


eontset. The real area of contact is lese than this value 
due to the asperities in the metal of the interface. 
Bowden and Te bor ^! give the following relation for real 


ares of contact: 


vs E 

r ` Se 
Pa = mean pressure over area of contact 
P e 


m > a “yield 


G has a value of 3 for material and surface finish 
used here. 


Pa = 144000 psi for this case. 
Areal = 0.0014 in^, whiíeh 1s considerably less 


then the apparent valus of 0.0152 in”. 
This would give a maximum combined shear stress in the contact 
surface considerably in excess of that required to initiate 
yield in the metal. 

It is thus apparent thet the stresses zt the contact 
surface are more than sufficient to insure yicld in the asper- 
ities in the metal interface. For very small velues of deform- 
ation, the yield effects may thus be the sole contributing 
factor. 

Bow consider the stress values for the specimen under 
conditions encountered just prior to the advent of free sliding 
to 8 


end £, of 13200 and 4960 pei. The (5) value is 


R T s max 
8260 psi. Thus it is apparent thet yield in the bulk material 
of the specimen does not occur, and all but the smallest dis- 


placements are due to slip between the two contact surfaces. 


- ` 
walaw siis mund pawl i Áu-aea )* wed iron wit Tanne 
—pëkteéint «4 ندا جا‎ sus ol ل دجاه‎ cad 

zese sat andzulse wakasiiy) عافة‎ tan leet tow فده‎ 
. | | l AGRADA je sme 
κ  - | P d së: Uo πα E 
pasivon fo eya veto mue m Rue A 

id: B i 1 A vi y" TI. 
` reien zeen la tree o E bo Sular s asd I 











— η. wre a = ei 
DS rip - 1 0 
ei lt et 6 ov Geh st. 
vlait er belayan ish Yo محص‎ mi مدنا وما اسيك‎ 
PD Y الا‎ | ` Age mat ti vam 
” sl ἐκ κ. ο W. ων «κά! «ἰ 43 | 
DR — j 
lee ia sulas ἵν ἕν τοῦ .«νεϊιαϊκὶ [sua s αἱ κ] 
—- I: 
| A 

κακϊκαὶ» νοβίνν savthe ods νυν sah‏ عله 
map rä "e et, mir i sa cesi reas eee‏ 
τμ Lek) wéi μα ἀμ ker DUPLI be vi O À a‏ 
S‏ اسه 14 dE «ἀν Ab patt pair taria» «l‏ ووم يمر 
-abh Pealrusa adi Fei Lis has seva bau mmol semimeqe 24) to‏ 
ὑμνῶν Saham wb way assaka qiio ek ud re necks‏ '' 


se — ae < -- > ep © —— - D Dume ib, P oe 




































APPERDIX E 


ORIGINAL DATA 


m 
















ΜΝ 4 
i (al 
1 oam c κ rr ο m aco , 


ww vumm - fee £o; owe m αι 


| m pm a m cm — —— 
- 












| 4 2 
١ δες Ó ff — ا‎ 
| ver P *, 

Lum uf! Us eum LT. "ebe 1 A8 








— p 





ë A τ f 

— sp. = 1 

Wa Web w w *— A Ae 

— e“ <. 4 teilung = I ae |, ' 

ew Vu & ie st e e 
سوا‎ «αἱ εἰ فس‎ 

= «πω. «αὖ .. — —— f R 










a E e ΜΝ T απ ών -— 3 


— 


j :— - - d eg? κ en Ve DE - 


















PAS ai » «αὐ μμ. 7" d اه‎ > se 


pmi» pa mete GE e fb ie aoe 
ται κῶν Lu - Do Wu Gee : p νο Y ١ 











| 2 RE S E. © : «νε ke Më 
de = -D 
li S w fi — i — — * 
r — a — — - — e mg, 
- Aw — - 9» 





$5 


96t 
ΥΥ͂Τ 
¿6 
G7 
7 


“aT 6*TIT =* 


Grey uny 


4 


TOT 
07 


K 


“aT 6*7L = 





T6E 
ere 
262 


£61 
9371 


δι aT T*$27 = 


u 


EOF wng 


4 


962 
Erz 
L6T 
Cart 
68 
77 


Ta 
"qt ¿°O6T = Ni 
EON UNE 


(08197 Inoyyra) 138296 02105 


του. 8101-03 :τ5τ 194 5μ 


T°ON RENTIZAS 


ctt 
$82 
6cz 
681 
SET 
26 
77 
δὰ 
‘at ost = Fa 


Troy iy 


OSET 
00 T 
0501 
006 
OSL 
009 
097 
00 
OST 











EDS 





| inum. 





‘Bb 


-- me τε 0891 

ότέ Oort 0 099 

OLZ οτε 8 OTT BL ops 
Lz οὔτε © OZET EEY oect 
TGZ 000€ st 0021 78€ 00ZT 
oer 0882 οι 080T ge 0801 
GZT 094E LT 096 00£ 096 

YET 079% -- 006 - - 006 006 282 006 

L6 Qt αὶ 072 292 078 -~ ova 992 073 

28 0 5 Oz 9ez 024 Ces 022 LZZ oz 

OL ogzz -- 009 σετ 009 £oz 009 LST 009 

9ç 09 TZ — 087 TYT 087 891 08% $71 087 

oç oroz -- 09£ OTT 09€ EZT 09€ £ot 09€ 

07 0266 -- ops 7L op: 08 072 09 07z 

ος oost -- οστ 9€ oer θέ οὔτ τε οὔτ 

ur, Yo 484 Yo E Te E Y 2+ Ya 

"AT 6210? = at zrıise = Na at £ro0% ول ع‎ ‘qt TSE = Na 








) 301451( peuruovu sy 


aadeg T'ON : 5+1 25235 SUSJufj 928 3 2> 


[99345 8601-5 TEFLON [199495 8101-9 :T9T494 Sq 


€°ON MIODAIS C*ON HSWIOS3gJS 


A oe EM τ... 


ip 


TILLTITILILSSLLSE 
BERSHRSERIEERERS È 














kEEKEKEERI*”l l lË 
ΕΕ ΕΕ ΓΣΕΕ ΤΕΝ | | i 
ا‎ i 
TE A i 
ma 


51284838884 ` 


- m 


SEFERÊ = Í 








A 





ji 


titan, 


-- 078 
LT€ 024 
6t 009 
9t 087 
ç 09€ 
-- ove 
-- οὔτ 
ur V, 


"AT 84°79 = N; 


J ON Wt 


-- 0891 
601 0961 
7 OYYT 
as OZET 
τν οοστ 
62 0801 
62 096 
as 078 
6T 024 
γε 009 
£t 087 
9t 09€ 
στ ΟΥ͂Ζ 
-- οστ 
Use Va 
art tr st = Na 
ὍΣΟΙ my 


(Ppenup4uoo) £*ON NO9WIOSdS 


TZ 0837 
evt O9Tc 
BL 0702 
¿9 oz6T 
86 002 
17 089T 
82 09ç T 
ος O77T 
OC OZET 
¿ 0021 
7 0801 
3 096 
ç 078 
c 0747 
-- 009 
PE 087 
ER 09€ 
- ove 
= Oct 
kd? Vo 
`at 9T°989T = "4 
Tog way 


007% 


6T€ 
Oé 
LSZ 
752 
Kä 
CEA? 
"ert 
L6 
Ze 


087€ 
09€€ 
00 
οστέ 
000€ 
0882 
09¿¿ 
0792 
0252 


Va 


N, 


٠0+ 67٠70 = "4 
(*1uoo) ETO TRY 





^ RN Ir dia 
1011111 ῃ weg A 


a 


t| 0 
E 





μα ἓ 


ΠΠ : 


۰ . ' 





35 
xD 
ri 
+ 


SL 
£ € 


2+ 
“aT erte = 
9° of üt 


Nr *qr £*00z 


SOA 


J “GT €°002 





647 
TEZ 
261 
97T 


su — 


301 


cL 
6€ 


δὰ 
= “I MT LIT = 


* ON 


N 


a ar ergır = I 


¿ON Uny 


180 خن8‎ ο/σ :ysTufg 929 1225 


199945 


8101-0 ‘TEFITO 


7°ON 1115115115 


el 


GTT 
7G 
56 
“AT $L.*T8 =* 


Tor un 


O77T 
OZET 
οοστ 
O7TT 
0301 
OZOT 
096 
006 
078 
OcL 
009 
087 
027 
09€ 
00€ 
07 
Oct 


b y 





44 —— 











* 
ai 





ΠΠ 





F 


Run Nosed 
y= 116.3 lb. 
Q. Νο 
120 32 
150 -- 
240 73 
300 -- 
260 108 
420 --- 
450 =o 
480 153 
600 188 
720 228 
750 - 
840 318 
900 -- 
960 -- 


Run No.2 
Fa = 167 lb. 
Q, Ze 
120 39 
150 =- 
240 82 
300 -— 
360 126 
420 -— 
450 --- 
480 167 
600 201 
720 232 
750 D 
840 280 
900 -— 
960 321 
1020 -- 
1050 =~ 
1080 385 
L140 -- 


Material: 


Surface Finish: 4/o paper 


SPECIMEN NO.5 


G-1018 Steel 


y? "Sp 


Run No,2 kun No.4 
Fu = 200.2 1b. Pu = 251.2 1b. 
Q, $, Q, Ze 
120 30 120 -- 
150 -- 150 43 
240 74 240 a 
300 -- 300 91 
360 117 360 -- 
420 -- 420 - 
450 =- 450 141 
480 151 480 -- 
600 191 600 190 
720 230 720 -- 
750 -- 750 241 
840 269 840 — 
900 -- 900 291 
960 310 960 -- 
1020 -- 1020 -- 
1050 -> 1050 332 
1080 351 1080 -- 
1140 -- 1140 — 
1200 390 1200 393 
1320 430 1320 _ 
1350 --- 1350 438 
1440 -- 
1500 492 


1560 
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SPECIMEN NO.5 (continued) 


Run No.5 Run No.6 Run No.7 
Fy = 168.2 lb. Fy = 117.41 1b. Fy = 64.78 1b. 

Q, Vor PSR Zen 
120 =a om αν 
150 5 3 -= =- = س‎ 
240 PE - = 16 
300 . i u. 
360 k = 3 N 16 
420 - zw — 
450 -- -- -= = 
480 _ - 4, 36 
600 = = 19 64 
720 - - 16 67 
750 - - - - -- 
840 Ex 32 153 
900 - - -- - - 
960 6 40 

1020 e A 4 ω 

1050 E a τα 

1080 6 68 

1140 ud ê - 

1200 10 94 

1320 15 122 

= س -- 1350 

1440 19 155 

1500 5 - e Ὃν 
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SPECIMEN NO.6 


Material: A-4140 Steel 


Control Specimen (without interface) 


Ru . Run No.2 
Pu = 251.2 1b. Fy = 200.2 1b. 
Q, $, Ze 
120 43 se 
150 -- 52 
240 83 — 
300 -- 93 
360 122 -- 
450 -- 139 
480 161 -- 
600 202 192 
720 245 -- 
750 -- 229 
840 290 se 
900 -- 290 
960 326 t 
1020 -- 
1080 363 
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SPECIMEN NO.8 (continued) 


Eup Κο: ὦ Κατ Nosh 
1* 200 1b. FN = 167 ib. 
Ze Ya 
59 49 
111 122 
160 186 
220 219 
-- 280 


120 
240 
360 
480 
609 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
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2040 
2160 
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F. = 201.29 1b. 
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SPECIMEN NO.@ (continued) 


F, * 168.16 lb.  F, * 117.41 lb. Fy = 64.78 1b. 
Q, VI Zen Ver 
120 κα. T1 a 
240 _ D 15 
360 -- 12 73 
480 δ. 22 772 
600 10 57 -- 
720 35 91 
840 42 159 
960 79 283 
1080 85 em 
1200 82 
1320 99 
1440 115 
1560 135 
1680 209 
1800 225 
1920 229 
2040 266 
2160 475 
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SPECIMEN RO, LI 


Material: Copper 


Control ¿pecimen 
(without interface) 


Run Bos) Eun ο. iun No. 
Fy = 20 1b. Fy = 250 1b. Fy = 200 lb. 
4 Ze VI Ze Por αι Yon 
30 29 -- 24 4 120 -- 
60 48 4 = ^ 240 5 
90 68 14 61 7 360 5 
120 85 4 -- -- 480 8 
150 92 6 100 4 600 10 
180 117 1¿ -- -— 720 19 
210 138 28 137 — 840 28 
240 154 22 — — 960 27 
270 173 28 170 15 1080 25 
300 191 37 — =- 1200 40 
330 211 35 205 18 1320 50 
360 228 37 — 5 1440 58 
390 248 44, 236 22 1560 71 
420 261 48 -— -- 1680 87 


450 281 56 -- -- 1800 84 
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SPECIMEN NO.14 


Material: Copper 
Surface Finish: 2/0 Paper 


Rup. Food iun ρε iun وولا‎ 
Fy = 64.8 lb. Fy * 117.4 lb. Εκ * 168.2 lb. 
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SPECIMEN NO.14 (continued) 
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[ 06. 
RBEFIBITICB CF SYMBOLS 
= grea (squere inches) 
= inside diameter of specimen (inches) 
= outside diameter of specimen (inches) 


À 

D 

D 

E = modulus of elesticity (Youngs modulus) (1b./in^) 

E = G - modulus of rigidity (shearing modulus) (1b/in^) 
F 


= foree normal to interface (normal load on specimen) 
(pounds or kilograms) 


L = gage length or length along specimen between indicator 
arms (inches) 


Q, * applied torque (gram inches) 

R = radius of indicator arm (inches) 

r = moan radius of specimen (inches ) 

= normal stress at interface (10/4n*) 


8_ = normel stress at interface (kg/cm) 


δρ = principal stress in specimen (1b/in^) 
S = combined shear stress in specimen (1b/in”) 
s 


f= maximum tangential stresas in interface due 
to applied torgue (19/17) 


8, = maximum tangential stress in interface (kg/em^ ) 
T, * torque applied to specimen (1b. inches) 


Ye = ealculated angle of twist for specimen 
without interface (minutes of are) 


%, = observed angle of twist in specimen (minutes of are) 
%, = residual angle of twist in specimen (minutes of ere) 
+, = observed angle of twist in specimen (micrometer drum units) 
eR = residual angie of twist in specimen (micrometer drum units) 


O, = apparent slip at interface (centimeters ) 
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